Introduction
Synchrotron radiation imaging with refraction enhancement was successfully applied to image air voids in opaque plastic materials, which otherwise could hardly be depicted (1) . It was suggested that this imaging technique had a superior performance in nondestructive testing of small voids in plastics (1) .
It has been recognised in previous works that the edge enhancement effect due to X-ray refraction improves the visibility of detailed structures in synchrotron radiation imaging (2) (3) (4) (5) (6) . For minute objects, however, highlighted boundaries are only weakly delineated in synchrotron radiation refraction images; instead, the object contrast becomes intense, thus enhancing the visualisation (1, 7, 8) . In particular, the contrast of small air inclusions is dominantly enhanced within plastic materials in synchrotron radiation refraction images.
The purpose of the present study was to quantify the contrast increase of air voids for the first time in synchrotron radiation refraction imaging. This effect will be assessed quantitatively by fitting edge profiles to an analytical cubic curve and simulating the overlap of edge profiles when the edges are close to each other in small structures.
Materials and methods
We used a wax plate that was part of an RMI 156 phantom for mammography testing (Gammex RMI, Middleton, MI, USA), and a plastic phantom with air inclusions prepared by the authors. Both phantoms had a thickness of 8 mm.
Imaging was performed at the BL20B2 beam line at SPring-8, a synchrotron radiation facility in Harima, Japan. The synchrotron radiation was produced using a bending magnet at the storage ring; a satellite imaging laboratory was located 215 m from the light source. Imaging was performed with monochromatic energy of 20 keV tuned by a monochrometer consisting of two Si (1, 1, 1) crystals. The radiation field was 15 × 26 mm at the sample plane; a fluorescent screen coupled with a CCD camera of 6 µm × 6 µm pixels (Hamamatsu Photonics, Hamamatsu, Japan) was used as a detector. The sample-to-detector distance (SDD) ranged from 20 to 1100 cm. Images obtained at the minimum SDD of 20 cm have little refraction effect, and contrast is determined by X-ray absorption: these images are considered to be absorption images. The refraction effect is evident in those obtained at longer SDDs: these images are considered to be images with refraction mode.
Signal intensity (I) and geometrical size were measured using IPLab image analysis software from Scanalytics, Inc (Fairfax, VA, USA). Object contrast was then calculated as: (1) where I OBJ is the signal intensity in the middle of the object and I BASE arises from the average background intensity in the vicinity of the object (Figure 1(a) 
Results
On synchrotron radiation images with refraction mode, black and white lines appear along borders due to X-ray refraction in objects with a sharp gradient of refractive index at the interface between materials. In the case of air inclusions, the transmitted X-rays deviate convergently at the border, resulting in a black line (lower X-ray intensity) outside the inclusion and a white line (higher X-ray intensity) inside the inclusion (Figure 1(b) ). Figure 1 (a) shows the signal intensity profiles of three air inclusions with sizes of 444, 306 and 204 µm. The signal intensity in the middle of each object increases with decreasing object size; contrast was measured as 0.149 for the 444 µm air inclusion, 0.459 for the 306 µm inclusion, and 0.833 for the 204 µm inclusion. The visibility of minute inclusions was markedly improved on refraction images for five inclusions sized 84-108 µm (Figure 1(c), left) ; compared with the signal intensity at the middle of the 444 µm inclusion, all of the minute inclusions are imaged as objects of startling signal intensity, and are more clearly visible on the refraction image than on the absorption image (Figure 1(c),  right) . Intense signal at the middle of the object, rather than border enhancement, enhanced the visibility of these fine inclusions on synchrotron radiation images with refraction mode. The minimum size of air inclusions visible on a monitor was 24 µm.
The gain in object contrast by refraction imaging, as calculated by Equation (2), therefore increases as object size decreases (Figure 2 ), being 4.0 for a 282 µm inclusion, followed by a steep increase for inclusions smaller than 130 µm, up to 59.5 for a 66 µm inclusion. The smallest visible inclusion on refraction images was 24 µm; however, its contrast gain is not shown in Figure 2 because an inclusion of this size was poorly visualised on the absorption image, making contrast measurement less reliable.
It was supposed that X-ray refraction was a cause of the contrast increase in small inclusions. Signal intensity is high inside along the margin of an air inclusion by X-ray refraction, and the reduction in the object size will cause the partial overlapping of refracted X-rays, which will lead to an additional increase in signal intensity at the middle of the object. The overlapping effect will be greater for smaller objects.
To verify this interpretation, the signal intensity profile at the interface was approximated by an analytical function. The signal intensity profile at the object interface shown in Figure 1 (a) for a 444 µm air inclusion was fitted by a serpentine curve, which is a subclass of cubic curves (Figure 3(a) ) (9) : Coefficient values for 'a' of 0.1 and 'b' of 10 provided an appropriate fitting to an actual steep change in signal intensity at the boundary (Figure 3(a) ). The signal intensity profile of an object was then calculated by overlapping the serpentine curves of both boundaries (Figure 3(b) ). When the boundaries come close, overlapping of the X-rays bent inside produces a gradual increase in the signal intensity at the middle of the air inclusion. The signal intensity of the outside margin is slightly reduced by the overlapping. Consequently, a fine air inclusion is featured as an object with intense signal and reduced edge enhancement.
Discussion and conclusions
Synchrotron radiation imaging of air inclusions in a plastic material was performed with absorption mode and refraction mode, and quantitative comparison of the two modes revealed a considerable increase in the contrast gain of objects on refraction images, especially for objects with small size (Figure 2) .
To the authors' knowledge, few studies describe a dependency between object size and contrast for synchrotron radiation refraction imaging. A previous study by Hirano et al (10) studied a object-size dependency of contrast in synchrotron radiation images with refraction mode by Monte Carlo simulation and showed a decrease in contrast with sample size reduction in refraction mages. They defined the 'contrast' as the maximum-minimum intensity difference of an object that corresponds to the gap of edge. The mechanism of contrast enhancement was inferred to be refraction, but without detailed interpretation.
Contrast gain in small objects cannot be explained by X-ray absorption. The interpretation for this in the present study is that the observed contrast gain is due to X-ray refraction, which is well known to cause edge enhancement. The signal intensity profile by refraction at the boundary seemed like the shape of a cubic curve, and was approximated by a serpentine curve with parameter adjustment to achieve better fitting (Figure 3(a) ). This curve fitting approach provided a roughly quantitative explanation of the trend of signal intensity variation at the middle of an air inclusion when both edges are close, as in the case for smaller objects (Figure 3(b) ). One may recognise a correlation between the actual signal intensity profiles in Figure 1 (a) and those derived by analytical curve fitting in Figure 3(b) .
The size-dependency of this effect is determined by the object size and the width of the signal intensity profile at the interface. The width was measured as 40 µm for a 444 µm inclusion in this study (Figure 1(a) ). Therefore, for inclusions with a much larger radius than 40 µm, the contrast is basically determined by X-ray absorption because the signal intensity at the centre is determined by X-ray absorption and is only weakly affected by refracted X-rays (Figure 3(b), upper) . The dramatic jump in contrast gain at the size of 100 µm or less in diameter (Figure 2 ) is the other instance in which the overlapping of refracted X-rays becomes dominant.
Because an air inclusion has a lower refractive index than the surrounding plastic material, X-rays are bent to the inside of an inclusion at its border, resulting in a gain in signal intensity on refraction images. In contrast, in the case of an object with a higher refractive index, loss of signal intensity occurs in the object due to divergent bending of X-rays, which also provides contrast gain. The visibility of micro calcifications in human tissue, for example, was improved on refraction images compared with absorption images to a size of 24 µm (7, 8) . Scattered X-rays usually cause a loss of contrast in standard radiography. In the refraction imaging set-up, the detector is placed at a large distance from the sample and scattered X-rays reaching the detector are considerably reduced. Consequently, the contrast of inclusions in a 40-mm thick target was equivalent with that for an object in a thin target, and a depth profile of objects was depicted with synchrotron refraction imaging by rotating the sample 90 degrees (data are not shown).
In conclusion, the present study showed a considerable contrast gain by synchrotron radiation imaging with refraction mode for small air voids with sizes in the order of several tens of microns.
The contrast gain was explained by the overlapping of the X-rays bent inside along the object border when the edges are close to each other in small objects. As this contrast gain is also achievable for thick targets because of the scatter-free characteristic of refraction imaging, the synchrotron radiation refraction imaging may be a sensitive and non-destructive technique of detecting and characterising fine details as a visual form even for thick targets. Overlapping provides an increase in signal intensity at the middle of the object, which is more remarkable for smaller objects. The X-and Y-axes indicate geometry and X-ray intensity, respectively, in arbitrary units
